INTRODUCTION
Integrins are heterodimeric proteins consisting of a and b subunits that bind to the extracellular matrix and other proteins to regulate interactions among cells. Integrins play an essential role in many processes, including cell adhesion, cell cycle, and cell migration. The high-affinity conformation of integrins of the b 1 and b 2 families is dependent on "inside-out" signals delivered by other receptors, which stimulate extension of the ab heterodimer and exposure of the ligand-binding site (1) . In turn, binding of the integrin to its ligand transduces "outside-in" signals, which contribute to lymphocyte motility, polarity, and adhesion. The b 2 (CD18) family of integrins, which is present in leukocytes, includes four members associated with different a chains. Loss of CD18 results in leukocyte adhesion deficiency syndrome type I (LAD-I), which is characterized by severe abnormalities in the adhesion-dependent functions of leukocytes (2) . Integrin a L b 2 [CD11a/CD18, also known as leukocyte function-associated antigen 1 (LFA-1)], which binds to intercellular adhesion molecule 1 (ICAM-1) and other ICAM molecules, is present in lymphocytes. Natural killer (NK) cells also contain a M b 2 (CD11b/CD18, also known as Mac-1), albeit at low abundance, which binds to ICAM-1 and other ligands.
In cytotoxic lymphocytes, including T cells and NK cells, LFA-1 is essential for firm adhesion to target cells and for effective cytotoxicity. Adhesion of T cells to endothelial, antigen-presenting, and target cells relies on inside-out signals (1) from the T cell receptor (TCR) or chemokine receptors. This dependence on signals from other receptors has made it difficult to study outside-in signaling by integrins. In contrast, LFA-1 on primary, resting NK cells binds to its ligands ICAM-1 and ICAM-2 in the absence of inside-out signals from other receptors (3) . The binding of b 2 integrin on NK cells to ICAM-1 not only provides adhesion but also is sufficient to promote the polarization of perforin-containing granules to the site of contact between NK cells and the cells that bear ICAM-1 (3, 4) . Therefore, NK cells provide a unique opportunity to examine integrin signaling without interference from signaling by other receptors.
Signals that stimulate the processes of granule polarization and of degranulation are uncoupled in NK cells: the binding of b 2 integrin to ICAM-1 stimulates granule polarization, but not degranulation (4) , whereas binding of FcgRIIIa (CD16) to immunoglobulin G (IgG) results in Ca 2+ mobilization and degranulation without causing granule polarization (4) . Therefore, the study of NK cells also provides an opportunity to define the signals that promote the polarization of lytic granules independently of degranulation.
We took advantage of these opportunities to study b 2 integrin signaling in the absence of both degranulation and inside-out signals from other receptors, and we used a mass spectrometry approach to identify signaling components in primary NK cells stimulated by purified ICAM-1. In a previous study, we found that stimulation of NK cells by ICAM-1 results in a pattern of protein tyrosine phosphorylation that is unexpectedly similar to that obtained after stimulation through CD16, including the phosphorylation of spleen tyrosine kinase (Syk) and phospholipase C-g (PLC-g) (5) . Therefore, we analyzed NK cells stimulated in parallel with ICAM-1 and human IgG1, and then focused on signals that were induced selectively by stimulation with ICAM-1. Proteins identified by this approach were tested for their role in the b 2 integrin-dependent binding of NK cells to ICAM-1 and in promoting granule polarization toward ICAM-1-bearing cells.
Biochemical validation of the mass spectrometry results, imaging, as well as small interfering RNA (siRNA)-mediated silencing of signaling components demonstrated that a signaling pathway consisting of integrinlinked kinase (ILK), Pyk2, paxillin, and Rho guanine nucleotide exchange factor 7 (RhoGEF7) was required for polarization of the microtubuleorganizing center (MTOC) and its associated granules toward ICAM-1-positive cells. Distal signals, which were dependent on ILK, were transmitted by the guanosine triphosphatase (GTPase) Cdc42 and the microtubular network regulators Par6, adenomatous polyposis coli (APC), and cytoplasmic linker protein 170 (CLIP-170). These results reveal how b 2 integrins can signal on their own through a conserved signaling pathway that establishes polarity during cell migration to stimulate granule polarization in NK cells.
RESULTS

Components of b 2 integrin outside-in signaling pathways identified by mass spectrometry
To identify molecules involved in b 2 integrin signaling in NK cells, we isolated tyrosine-phosphorylated proteins and associated proteins from the lysates of primary NK cells that were left unstimulated or were stimulated for 20 min with either ICAM-1, a ligand of the b 2 integrins LFA-1 and Mac-1, or human IgG1, a ligand for CD16. Western blotting analysis of proteins eluted with phenyl phosphate from samples subjected to immunoprecipitation with an anti-phosphotyrosine (pTyr) monoclonal antibody (4G10) revealed that tyrosine phosphorylation of proteins occurred in response to both stimuli (Fig. 1A) , consistent with a previous study (5) . Pooled eluates from several experiments were separated by gel electrophoresis ( fig. S1 ), and the entire protein content of each sample was analyzed by mass spectrometry. (For the complete data set, including spectral counts,  and heat maps, see table S1.) Each of the 20 proteins having the highest number of spectral counts in the isotype control immunoprecipitate of NK cell lysates was a component of the actin cytoskeleton (table S2) . Sequences in the anti-pTyr immunoprecipitates from the lysates of unstimulated NK cells that were cultured in interleukin-2 (IL-2) included several molecules expected to be constitutively phosphorylated. These include the Src family kinases (SFKs) Lck, Lyn, and Fyn (6); the c-Src tyrosine kinase Csk and its adaptor Cbp (which is encoded by PAG1); and proteins in the IL-2 signaling pathway, including Janus kinase 1 (JAK1) and JAK3 and their substrate signal transducer and activator of transcription (STAT5), as well as the p85 subunit of phosphoinositide 3-kinase (PI3K) ( Samples from the NK cells stimulated by either ICAM-1 or human IgG1 were compared after subtraction of proteins identified in the isotype control sample and in the anti-pTyr immunoprecipitate of NK cells incubated on control plates (Fig. 1B) . Forty-four proteins were scored as positive in the sample from ICAM-1-stimulated cells (Fig. 1C and table S4),  whereas 89 were scored as positive in the sample from IgG1-stimulated  cells (table S5) . Twenty-five of those proteins were identified in both samples (Fig. 1B) . This large overlap was consistent with our earlier Western blotting analysis of tyrosine-phosphorylated proteins (Fig. 1A) . A direct comparison of samples from cells stimulated with ICAM-1 and IgG1 identified another four proteins that were unique to the cells stimulated with ICAM-1 (table S6) , which brought the total number of distinct proteins in the ICAM-1-stimulated NK cells to 23 (Fig. 1B) . The pTyr protein complexes stimulated selectively through CD16 included a number of expected proteins, such as the TCRz chain, the tyrosine kinase z chain-associated protein kinase of 70 kD (ZAP70), the adaptor protein linker of activated T cells (LAT), the guanine nucleotide exchange factor (GEF) Vav3 (7), and Munc13-4, a protein that is required for the fusion of lytic granules with the plasma membrane, and which is selectively recruited to perforin-containing granules in NK cells stimulated through CD16, but not LFA-1 (8) . LAT is phosphorylated selectively after stimulation of cells through CD16, and it is not required for the b 2 integrin-dependent polarization of lytic granules (5). These results provided some confidence in the validity of our approach.
Bioinformatics analysis of the 44 proteins identified in samples from the ICAM-1-stimulated cells resulted in a network of 26 proteins, but left 18 "orphan" proteins (Fig. 1C) . Analysis of the 23 proteins unique to ICAM-1-stimulated NK cells revealed a much simpler network of 11 proteins and 12 orphan proteins (Fig. 1D) . The main node in the network, according to the number of connections assigned by the bioinformatics analysis, was paxillin (PXN), which was connected to seven other proteins, followed by Pyk2 (PTK2B), with four connections. This result validated the approach, given that paxillin is required for b 2 integrin-dependent granule polarization (5).
Signaling components required for b 2 integrin-dependent granule polarization Those proteins within the network of proteins that were unique to NK cells stimulated with ICAM-1 were validated by Western blotting and tested for their roles in the binding of NK cells to ICAM-1 and signaling for granule polarization after gene silencing. ILK is a large scaffold protein, and it forms a stable complex with Pinch1 and one of the parvin molecules to form the IPP complex (9) . Pinch1 (LIMS1) and g-parvin (PARVG) were indeed present in our analysis. g-Parvin, which is present in leukocytes, controls cell spreading on fibronectin and cell polarity for migration (10) . To validate the presence of ILK, we stimulated NK cells for 5 or 20 min on control plates and on plates coated with ICAM-1 or human IgG1, and we subjected cell lysates to immunoprecipitation with an anti-pTyr antibody. Samples were eluted with phenyl phosphate and then analyzed by Western blotting for ILK. We found that the intensity of the band corresponding to ILK was greater in the ICAM-1-stimulated cells than in the control cells or in the cells stimulated with human IgG1 (Fig. 2A) . This experiment confirmed the mass spectrometry results and provided additional information. The NK cells analyzed by mass spectrometry had been stimulated for 20 min. In the Western blotting experiments, we compared the signal intensity after stimulation for 5 and 20 min. The signal corresponding to ILK in cells stimulated with IgG1 was decreased compared to that in cells stimulated with ICAM-1 at both time points (Fig. 2A) . This result indicated that the difference in spectral counts obtained for ILK in the mass spectrometry analysis of samples stimulated by ICAM-1 and IgG1 for 20 min was not a result of a faster response during stimulation of cells through CD16 that might have decayed by the 20-min time point.
The role of ILK in the polarization of lytic granules stimulated by b 2 integrin was tested by imaging experiments with cells in which ILK was knocked down with siRNA (Fig. 2B) . Because the b 2 family integrin LFA-1 is essential for the adhesion of NK cells to target cells, we determined whether knockdown of ILK had an effect on the ability of NK cells to bind to ICAM-1 before we tested whether it had any effect on granule polarization. Knockdown of ILK had no effect on the ability of NK cells to form conjugates with insect S2 (Drosophila Schneider line 2) cells expressing cell surface ICAM-1 (S2-ICAM-1) (Fig. 2C) . Polarization of the MTOC and of perforin-containing granules in NK cells toward control S2 cells or S2-ICAM-1 cells was imaged after fixed and permeabilized cells were stained with antibodies specific for perforin and b-tubulin (Fig.  2D) . Polarization of granules was scored as positive only when both the MTOC and the bulk of perforin-containing granules were in the region defined by the first quarter of the NK cell diameter, closest to the target cell. Polarization was abolished in cells in which ILK was knocked down, but not in cells subjected to mock transfection or in cells transfected with a control siRNA (Fig. 2E) . We concluded that ILK was either directly tyrosinephosphorylated or recruited into pTyr protein complexes in NK cells that were stimulated through b 2 integrins, more so than in NK cells stimulated by CD16, and that ILK was required in the signaling pathway required for granule polarization.
We used the same approach to test the roles of g-parvin, Pyk2, leupaxin (LPXN), and RhoGEF7 (ARHGEF7) in b 2 integrin-dependent functions in NK cells. Biochemical validation of the mass spectrometry data was performed exactly as described earlier for ILK ( Fig. 2A) . All four proteins were immunoprecipitated by anti-pTyr antibody from samples of cells stimulated with ICAM-1 for 5 and 20 min (Fig. 3A) . The band intensities corresponding to these proteins were increased compared to those in the CD16-stimulated cells at each time point. After we individually knocked down each of the four proteins with specific siRNAs (Fig. 3B and fig. S2 ), we evaluated the conjugation of NK cells with S2-ICAM-1 cells, as well as the polarization of the MTOC and lytic granules toward synapses formed between the NK cells and the S2-ICAM-1 cells. We found that the binding of NK cells to S2-ICAM-1 cells was unaffected by the silencing of any of the four proteins, with the exception of Pyk2, whose knockdown caused a small, but statistically significant, reduction in conjugate formation (Fig. 3B ). In contrast, individual silencing each of these four proteins substantially inhibited the polarization of the MTOC and granules toward S2-ICAM-1 cells (Fig. 3B ). We concluded that ILK, g-parvin, Pyk2, leupaxin, and RhoGEF7 all contributed to the polarization of lytic granules induced by b 2 integrin upon binding to ICAM-1.
Knockdown of novel SH2 (Src homology 2)-containing protein 3 (Nsp3, encoded by the gene SH2D3C) had no effect on either the binding of NK cells to S2-ICAM-1 cells or the polarization of granules toward those cells, whereas knockdown of CasL (NEDD9) substantially reduced the extent of cell conjugate formation, but had no effect on granule polarization in those NK cells that still formed conjugates with S2-ICAM-1 cells (Fig. 3B) . Members of the Nsp-and Crk-associated substrate (Cas) protein families can associate into signaling complexes that mediate cell migration and invasion through a number of distinct signaling motifs (11) . Our results do not exclude a role for these proteins in mediating b 2 integrin signaling. The importance of paxillin in ICAM-1-stimulated granule polarization in NK cells was demonstrated previously (5) . We found that knockdown of CD148 (PTPRJ) had no effect on conjugate formation, but did cause a small, statistically significant increase in the extent of granule polarization toward S2-ICAM-1 cells (Fig. 3B) . Because CD148 is a receptor-type protein tyrosine phosphatase, which mediates the dephosphorylation of paxillin (12) , it may dampen paxillin-dependent signals that are required for polarization. The remaining two proteins in the network that we identified, Pinch1 and Sgk269 (PEAK1), could not be evaluated because of their inefficient knockdown by siRNA. Pinch1 may be required for granule polarization because it is an obligate member of the IPP complex and provides protein stability to the complex (9). Sgk269 is a pseudokinase that promotes the phosphorylation of paxillin and regulates cell migration and focal adhesion turnover (13, 14) . Our analysis identified a signaling network, centered on paxillin and ILK (Fig. 4A) , which is required for granule polarization in response to b 2 integrin signaling.
Conserved signaling pathway for cell polarity used by b 2 integrin to induce granule polarization A candidate effector downstream of the paxillin-ILK network is the small GTPase Cdc42, which is known as a master regulator of cell polarity (15) . Potential connections with Cdc42 include RhoGEF7, which is a direct Cdc42 activator, and Pyk2, which contributes indirectly to Cdc42 activation by inhibiting a RhoGAP protein (16) . Cdc42 activity at the immunological synapses of NK cells oscillates, and this oscillation requires RhoGEF6 and RhoGEF7 (17) . The Cdc42 pathway, which controls cell polarity during cell migration and cell division, is conserved from Caenorhabditis elegans to humans. It involves activation of CLIP-170, which links cytoplasmic vesicles to microtubules (18, 19) , and Par6-dependent activation of APC, which promotes microtubule stability (20) . Cdc42 and CLIP-170 bind independently and directly to IQ motif-containing GTPase-activating protein 1 (IQGAP1) (Fig. 4A) , a large scaffold protein that contributes to granule polarization in NK cells, but not T cells (21, 22) . To test the involvement of this pathway (Fig. 4A ) in controlling granule polarization induced by b 2 integrin, we reduced the abundances of mRNAs encoding Cdc42, Par6, APC, and CLIP-170 by siRNA (Fig. 4B) . Knockdown of any one of these four candidates in NK cells had no effect on conjugate formation with S2-ICAM-1 cells, but substantially inhibited the polarization of the MTOC and lytic granules (Fig. 4C ). These results demonstrated that the Cdc42 pathway, which controls polarity mostly during cell migration and cell division (15, 20) , is stimulated by b 2 integrin signaling to promote the polarization of NK cell granules toward target cells.
We tested whether the ILK and Cdc42 pathways, which were required for granule polarization in response to stimulation of b 2 integrin alone, could be bypassed in NK cells that were bound to sensitive human target cells, which present a multitude of ligands for NK cell receptors. We imaged the polarization of the MTOC and granules toward the major histocompatibility complex I (MHC-I)-deficient cell line 721.221 when ILK, RhoGEF7, Cdc42, APC, or CLIP-170 was knocked down in NK cells. In each case, MTOC and granule polarization toward 721.221 cells was markedly reduced ( fig. S3) . Therefore, components of the pathway that we identified here that were required in NK cells for the polarization of granules toward S2-ICAM-1 cells were also required for the formation of conjugates between NK cells and NK cell-sensitive human cells.
The Cdc42 pathway depends on phosphorylation of the kinase glycogen synthase kinase 3b (GSK-3b) on Ser 9 by an atypical protein kinase C (aPKC), which leads to inhibition of GSK-3b and reverses its inhibitory effect on APC (15) . Therefore, we tested whether the binding of NK cells to ICAM-1 alone was sufficient to induce the phosphorylation of GSK-3b. We detected phosphorylation of Ser 9 of GSK-3b in NK cells that had been stimulated for 5 or 20 min with ICAM-1 on plates (Fig. 4, D and E), whereas the extent of phosphorylation was reduced in NK cells that were stimulated with human IgG1. We did not detect pSer 9 -GSK-3b in control cells (Fig. 4 , D and E). Knockdown of ILK (Fig. 4F ) resulted in reduced phosphorylation of Ser 9 of GSK-3b in primary NK cells stimulated with ICAM-1 compared to that in control cells (Fig. 4 , G and H). These data suggest that the ILK pathway controls the phosphorylation of GSK-3b on Ser 9 .
Distinct requirements for b 2 integrin-dependent MTOC polarization and granule convergence on the MTOC
The polarization of lytic granules to cytotoxic immunological synapses requires two distinct steps: polarization of the MTOC toward the synapse, and convergence of lytic granules on the MTOC (23, 24) . To use a stringent definition of granule polarization, we have so far defined it as the combined polarization of the MTOC and granules toward ICAM-1-bearing cells. To delineate the requirements for granule convergence on the MTOC in the absence of MTOC polarization, we used the NK cell line KHYG-1, in which granules are constitutively retained near the MTOC (25) . It was therefore possible to examine granule convergence on the MTOC in KHYG-1 cells in the absence of conjugate formation with target cells. Furthermore, the large size of KHYG-1 cells facilitated quantitative measurements of granule convergence on the MTOC (Fig. 5) . We found that knockdown of leupaxin, but not ILK, resulted in diminished granule retention at the MTOC compared to that in control cells (Fig. 5, A  and B ). This result suggests that granule retention near the MTOC is an active process, which was disrupted in the absence of leupaxin. We next knocked down in KHYG-1 cells the proteins required for the polarization of the MTOC and granules in primary NK cells to examine their roles in granule convergence on the MTOC. Knockdown of leupaxin and Pyk2 reduced the amount of perforin located near the MTOC, as well as the percentage of KHYG-1 cells in which granules were retained near the MTOC Data in all graphs are means ± SEM from three independent experiments. *P < 0.05, **P < 0.01. (Fig. 5, B and C) . Knockdown of CLIP-170 resulted in a marked reduction in perforin density near the MTOC compared to that in control cells (Fig. 5, D and E) . There was no change in granule retention near the MTOC in cells in which Par6 or APC was knocked down; however, there was a small, but statistically significant, reduction when Cdc42 was knocked down (Fig. 5F ). These results suggest that Pyk2, leupaxin, Cdc42, and CLIP-170 are required for granule retention near the MTOC in KHYG-1 cells. -GSK-3b in the samples from three independent experiments, as described in (G). The relative intensity of bands corresponding to pSer 9 -GSK-3b relative to those corresponding to total GSK-3b was determined by densitometric analysis of three independent experiments. **P < 0.01.
The data obtained from the experiments with KHYG-1 cells suggested that the established role of Pyk2, leupaxin, Cdc42, and CLIP-170 in granule polarization in primary NK cells bound to ICAM-1-positive cells may be a result of their roles in mediating granule convergence on the MTOC, rather than mediating MTOC polarization. Therefore, we tested whether the inhibition of granule polarization toward S2-ICAM-1 cells observed after siRNA-mediated knockdown of these four proteins in primary NK cells involved a direct inhibition of MTOC polarization. Knockdown of Pyk2, leupaxin, Cdc42, or CLIP-170 in primary NK cells resulted in marked inhibition of MTOC polarization (Fig. 6A) . We concluded that these four proteins contribute to both granule convergence on the MTOC and to MTOC polarization.
The percentage of NK cells conjugated with S2-ICAM-1 cells in which the MTOC was polarized (75 ± 6%) was greater than that of NK cells in which granules had converged on the MTOC (39 ± 6%) (Fig. 6B) . To test whether granule convergence on the MTOC and MTOC polarization stimulated by b 2 integrin could be enhanced by additional signals, we examined the contribution of CD16 to these two processes by mixing NK cells with S2 cells coated with anti-S2 rabbit serum. Stimulation of CD16 with rabbit IgG coated on the surface of the S2 cells stimulated polarization of the MTOC in a smaller fraction of NK cells (33 ± 7%) than did stimulation of NK cells with S2-ICAM-1 cells (75 ± 6%), and rabbit IgG did not enhance the extent of MTOC polarization toward S2-ICAM-1 cells (Fig.  6B) . Furthermore, stimulation of CD16 with rabbit IgG stimulated granule convergence on the MTOC in 46 ± 8% of NK cells, as well as enhanced granule convergence toward S2-ICAM-1 cells from 39 ± 6% to 76 ± 12% of NK cells (Fig. 6B ). Therefore, signaling by b 2 integrin was sufficient for substantial polarization of the MTOC and for partial granule convergence on the MTOC. We conclude that granule convergence on the MTOC and polarization of the MTOC have overlapping, but distinct, signaling requirements, that b 2 integrins contribute to both processes, and that b 2 integrin signaling is sufficient for substantial polarization of the MTOC. cells (Fig. 7, A and B ). An increased number of PLA signals were detected in NK cells mixed with S2-ICAM-1 cells, and 64% of the signals were polarized toward the immunological synapse (Fig. 7, A and B) . Therefore, PLAs detected the constitutive association of talin with the cytoplasmic tail of the b 2 integrin subunit (CD18), and showed that there was an enhanced association between b 2 integrin and talin when the b 2 integrin was bound to ICAM-1. PLA with a monoclonal antibody specific for ILK showed a few signals in NK cells mixed with S2 cells, but showed an increased number of signals in NK cells mixed with S2-ICAM-1 cells, and 76% of the signals were polarized toward the immunological synapse (Fig. 7, A and B) . These results suggest that ILK is actively recruited to be in close proximity to b 2 integrins when NK cells are bound to ICAM-1.
To validate the specificity of the method, we examined the association of the cytoplasmic tail of the b 2 integrin subunit with other molecules. PLA with a monoclonal antibody specific for Cdc42 gave almost no signal in NK cells mixed with S2 or S2-ICAM-1 cells, indicating that the rabbit polyclonal serum specific for the cytoplasmic tail of CD18 did not give spurious PLA signals with mouse IgG (Fig. 7, A and B) . As a positive control for the monoclonal antibody against Cdc42, we performed PLA with a rabbit polyclonal serum specific for Wiscott-Aldrich syndrome protein (WASp). Cdc42-GTP binds to WASp after activation of T cells through the TCR (28) . We also stimulated NK cells through CD16 with rabbit anti-S2 cell serum. First, we showed that rabbit IgG at the surface of S2 cells did not result in PLA signals when combined with a monoclonal antibody specific for intracellular Cdc42 (Fig. 7B and fig. S5 ). We detected PLA signals corresponding to a Cdc42-WASp interaction in NK cells that were stimulated through CD16, but not b 2 integrin alone (Fig. 7, A and B) . Furthermore, the presence of ICAM-1 did not enhance the extent of the Cdc42-WASp association induced by CD16 stimulation (Fig. 7, A and B) . This finding provided the positive control we were seeking for the monoclonal antibody against Cdc42, and suggested that the role of Cdc42 in granule polarization induced in NK cells bound to ICAM-1 did not require an association between Cdc42 and WASp. This finding also confirmed that signals through b 2 integrins (which lead to granule polarization) and through CD16 (which result in degranulation) are clearly distinct in NK cells (4) . These results showed that ILK was actively recruited as part of a b 2 integrin outside-in signaling complex to immunological synapses formed by NK cells bound to ICAM-1.
We showed previously that granule polarization and paxillin phosphorylation stimulated by the binding of b 2 integrin to ICAM-1 are blocked by an inhibitor of the tyrosine kinase Syk (5). The proximity of ILK and b 2 integrin was examined in cells treated with a Syk inhibitor and in cells in which Syk was knocked down by siRNA. PLA signals for b 2 integrin and ILK in NK cells bound to S2-ICAM-1 cells were completely blocked by the Syk inhibitor, whereas they were partially, but statistically significantly, blocked by knockdown of Syk (Fig. 7C) . These results suggest that the b 2 integrin-ILK pathway is dependent on the tyrosine kinase Syk.
DISCUSSION
To study ligand-stimulated signaling by an integrin without the complication of inside-out signals from other receptors, we took advantage of the ability of human NK cells to bind to ICAM-1 directly through b 2 integrin. Because this interaction is sufficient to promote the polarization of lytic granules, we had an opportunity to determine the signals that are required for this polarization. We performed a mass spectrometry-based analysis of proteins that were tyrosine-phosphorylated or associated with tyrosinephosphorylated proteins in primary NK cells that were bound to ICAM-1. The impetus behind this approach was that the binding of b 2 integrins to ICAM-1 induces robust tyrosine phosphorylation of proteins in primary NK cells, similar to that induced by the binding of the NK cell receptor CD16 to human IgG1 (5) . This similarity in responses was unexpected, given that the binding of CD16 to IgG1 leads to degranulation, but not granule polarization (4) . To narrow the focus on proteins that were unique to b 2 integrin signaling, proteins identified in unstimulated NK cells, as well as those identified in NK cells stimulated through CD16, were subtracted from the proteins identified in the ICAM-1-stimulated cells. A signaling network emerged from our subsequent bioinformatics analysis.
Six proteins (ILK, paxillin, Pyk2, g-parvin, leupaxin, and RhoGEF7) in the network contributed to the polarization of lytic granules, whereas the silencing of others (for example, CasL, Nsp3, and CD148) did not impair polarization. Except for CasL, silencing each one of these proteins had no effect on the adhesion of NK cells to S2-ICAM-1 cells, ruling out defective adhesion as a cause of impaired polarization. The presence of Pyk2 and RhoGEF7 in the mass spectrometry-based analysis pointed to the conserved Cdc42-Par6 pathway that is required for cell polarity as being a potential downstream effector of the ILK-paxillin-Pyk2 signaling pathway (29, 30) . We found that all four of the tested components of this pathway (Cdc42, Par6, APC, and CLIP-170) were required for granule polarization. In addition, phosphorylation of GSK-3b on Ser 9 , which results in APC activation in the Cdc42-Par6 pathway, occurred in NK cells bound to ICAM-1 and was dependent on ILK. Thus, we identified and connected two pathways required for granule polarization that are induced by b 2 integrins. Several studies have implicated a number of individual proteins in granule polarization in cytotoxic lymphocytes, but not in the specific context of integrin-dependent signals (21, 31) . It is interesting that engagement of an integrin by its ligand is apparently sufficient to stimulate an entire signaling program that is required for granule convergence on the MTOC, which is followed by relocation of the MTOC to the site of integrin engagement.
Despite its name, ILK was not an obvious candidate for involvement in signaling by b 2 integrin. It has been linked to the b 1 and b 3 integrins, and to the associated kindlin-2, but not to b 2 integrin or to the associated kindlin-3 (9, 27) . ILK is a pseudokinase and a large scaffold protein that regulates several integrin-dependent processes, from cell attachment in C. elegans to the polarity of mammary epithelial cells (9, 32) . Here, we provided evidence for the Syk-dependent recruitment of ILK to b 2 integrin upon binding to ICAM-1, as well as for a functional role of ILK in the b 2 integrin-dependent polarization of lytic granules in human NK cells.
MTOC polarization in T cells requires Cdc42 activity, and it is well established that binding of activated Cdc42 to WASp stimulates Arp2/3-dependent actin remodeling in T cells (33) . However, in NK cells, the contribution of Cdc42 to b 2 integrin signaling for polarization may not occur through WASp, because we detected a Cdc42-WASp association only after stimulation of the NK cells with CD16, and not with b 2 integrin. The granule polarization stimulated by b 2 integrin in NK cells is dependent on paxillin, a cytoskeletal scaffold protein with multiple interaction domains (5) . In T cells, paxillin localizes to the peripheral region of the immunological synapse, binds to microtubules, and contributes to the reorientation of the MTOC (34) . Therefore, paxillin may also provide a connection with the microtubular network in NK cells stimulated by b 2 integrin.
The phosphorylation of Pyk2 in NK cells is stimulated by engagement of b 2 integrin, but not CD16 (5, 35) , and Pyk2 contributes to MTOC polarization in NK cells stimulated by sensitive target cells (35, 36) . We showed that Pyk2 was also required for granule polarization induced by b 2 integrin activation alone. Little is known about leupaxin function, besides its suppression of paxillin phosphorylation in fibronectin-induced focal adhesions (37) , and its inhibition of B cell receptor (BCR) signaling and adhesion in B cells (38) . These inhibitory roles of leupaxin are in contrast to the combined requirement of paxillin and leupaxin for b 2 integrin-dependent granule polarization in NK cells.
Our study has also contributed to the understanding of granule convergence on the MTOC, the requirements for which differ in NK cells and T cells. In T cells, stronger TCR signals are required for granule convergence than are required for MTOC relocation to the immunological synapse (39, 40) . In contrast, in NK cells, convergence occurs rapidly and precedes MTOC polarization (41) . This convergence is dependent on SFK activity and LFA-1 (41) . Here, we showed that Pyk2, leupaxin, and CLIP-170 were also required for integrin-dependent granule convergence. Whereas convergence was stimulated by signals from either CD16 or b 2 integrin, it was clearly enhanced when both receptors were engaged. In contrast, b 2 integrin signaling alone was sufficient to promote maximal MTOC polarization, independently of CD16.
TCR signaling induces granule polarization through the classical pathway involving Lck, ZAP70, LAT, and SLP-76 (42) . TCR signaling also provides strong inside-out signals to LFA-1, and co-engagement of LFA-1 and the TCR enhances the extent of granule polarization induced by TCR alone (43, 44) . However, it is not known whether LFA-1 receives TCR-dependent inside-out signals merely to promote adhesion or to provide essential signals for polarization, because it is difficult to disentangle inside-out signals to LFA-1 from the outside-in signals that are required for polarization. The unique ability of LFA-1 to stimulate granule polarization in NK cells, but not T cells, may be a result of its independence from inside-out signals in NK cells. Alternatively, LFA-1 may be connected to different signaling complexes in NK and T cells. The data presented here provide a framework to begin to address this question. Toward this end, NK cells have proven useful in the analysis of outside-in signaling by LFA-1 independently of other signals. In conclusion, this work has revealed a greater signaling capacity of b 2 integrins than was previously appreciated, and has identified two connected signaling networks that control integrin-dependent granule polarization in NK cells.
MATERIALS AND METHODS
Cells
Primary human NK cells were isolated and expanded as described previously (5), with minor modifications. Briefly, NK cells isolated from peripheral blood with a negative selection kit (STEMCELL Technologies Inc.) were cultured with irradiated autologous peripheral blood leukocytes at 37°C and 5% CO 2 for 1 week in serum-free OpTmizer T Cell Expansion medium (Gibco) supplemented with a 1:10 dilution of a human IL-2 preparation (Hemagen Diagnostics), recombinant human IL-2 (100 U/ml; National Cancer Institute-Frederick Cancer Research and Development Center), and PHA (5 mg/ml; Sigma-Aldrich). NK cells were then allowed to proliferate in the same medium without PHA and feeder cells, and were used after 4 to 5 weeks. KHYG-1, a cell line established from a patient with an NK cell leukemia (45) , was cultured in RPMI 1640 supplemented with 10% fetal bovine serum (FBS; Atlanta Biologicals), recombinant human IL-2 (100 U/ml), and 50 mM 2-mercaptoethanol (Sigma) at 37°C and 5% CO 2 . Culture and transfection of the S2 cells were performed as described previously (46, 47) .
Reagents
PKH67 green was obtained from Sigma. Colloidal blue was purchased from Invitrogen. Syk inhibitor II [2-(2-aminoethylamino)-4-(3-trifluoromethylanilino)-pyrimidine-5-carboxamide] was from EMD Biosciences. Agarose conjugated with the anti-pTyr antibody 4G10 was obtained from Millipore. His-tagged recombinant mouse ICAM-1 protein was prepared as described previously (5) . Primer sequences for real-time RT-PCR assays (table S7) were obtained from PrimerBank (http://pga.mgh.harvard.edu/primerbank) and were synthesized by Integrated DNA Technologies. All of the antibodies used in this study are listed in table S8.
NK cell stimulation and isolation of pTyr protein complexes
Stimulation of primary human NK cells with purified ICAM-1 or human IgG1 was performed as described previously (5) . Briefly, purified ICAM-1 (10 mg/ml) or purified human IgG1 (10 mg/ml) was coated on 10-cmdiameter petri dishes overnight at 37°C in 5 ml of 50 mM sodium carbonate solution; otherwise, the same petri dishes were treated with 5 ml of 50 mM sodium carbonate solution without protein overnight at 37°C as control. Dishes were washed twice with phosphate-buffered saline (PBS), blocked with 5% BSA in PBS at 4°C for 30 min, and washed twice with PBS. NK cells were collected, washed with PBS, and suspended in cold, serum-free Iscove's modified Dulbecco's medium (IMDM). NK cells (20 × 10 6 ) in 5 ml of medium were added to each dish. The dishes were placed at 4°C for 15 min and then incubated at 37°C for 5 or 20 min. Cells from each dish were collected and lysed in 1 ml of lysis buffer [50 mM tris-HCl (pH 7.5), 150 mM NaCl, 10 mM sodium pyrophosphate, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM sodium metavanadate, 2 mM sodium fluoride, 0.5% Triton X-100, and protease inhibitor cocktail (Roche)]. Dishes were rocked at 4°C for 10 min. Lysates were collected, and nuclei were removed by centrifugation at 16,100g for 10 min. Cell lysates were incubated with agarose-conjugated 4G10 or isotype control IgG2b monoclonal antibody for 1 hour at 4°C and washed three times with lysis buffer, and then bound proteins were eluted with 100 mM sodium phenyl phosphate in PBS through rotation for 1 hour at 4°C and centrifugation at 16,100g for 1 min at 4°C. The eluted samples were resolved by SDS-PAGE, transferred to polyvinylidene difluoride (PVDF) membranes, and analyzed by Western blotting as described previously (5) . Samples for mass spectrometry analysis were scaled up to 280 × 10 6 NK cells for each stimulation condition, and eluates from five independent experiments with NK cells from different individuals were pooled and concentrated with Amicon Ultra Centrifugal Filters (3K) (Millipore), and fractionated by SDS-PAGE. The gel was stained with colloidal blue ( fig. S1 ) and destained with water. Each lane was cut into seven slices and sent for mass spectrometry analysis.
Mass spectrometry analysis
Peptide sequence analysis was performed by microcapillary reversedphase HPLC (high-performance liquid chromatography) nanoelectrospray tandem mass spectrometry (mLC/MS/MS) on a Thermo Scientific LTQ Orbitrap mass spectrometer. The instruments are capable of acquiring individual sequence (MS/MS) spectra on-line at high mass accuracy [<2 parts per million (ppm)] and sensitivity (<1 fmol) for multiple peptides in the chromatographic run. These MS/MS spectra were then correlated with known sequences using the algorithm Sequest developed programs (48) (49) (50) . MS/MS peptide sequences were then reviewed for consensus with known proteins, and the results were confirmed for fidelity.
Knockdown by siRNA siRNA oligonucleotides (table S9) ) were transfected by electroporation with 300 pmol siRNA duplexes in 0.4 ml of complete culture medium in 0.4-cm gap cuvettes (Bio-Rad) and pulsed once for 15 ms at 260 V with a BTX electroporator (EMC830, Harvard Apparatus). Electroporated cells were transferred into prewarmed complete culture medium and incubated at 37°C and 5% CO 2 . Forty-eight hours later, electroporation of the cells with the same siRNA was repeated, and cells were used for experiments 48 hours later. Real-time PCR analysis or densitometric analysis of scans of Western blots was used to quantitate the degree of knockdown. Western blots were developed with SuperSignal West Substrate (Thermo Scientific). Images were acquired and analyzed with FluorChem Q imager (ProteinSimple) and AlphaView software (version 3.3).
S2-ICAM-1 conjugation assays
Conjugation of NK cells with S2 cells or S2-ICAM-1 cells was performed as described previously, with minor modification (3, 51) . Briefly, S2 cells were suspended in Hanks' balanced salt solution (HBSS) with 5% FBS and mixed with PKH67 green-stained NK cells in a ratio of 4:1. Cells were allowed to settle at 20g for 3 min, incubated at 37°C for 20 min, fixed with 4% paraformaldehyde, and analyzed by flow cytometry to determine side scatter and PKH67 green staining.
Confocal microscopy analysis
Image analysis of NK-S2 cell contacts was performed as described previously (52) with minor modification. Briefly, S2 cells or S2-ICAM-1 cells were washed with PBS and incubated on poly-L-lysine-coated slides. After the slides were washed, NK cells were added, the slides were centrifuged at 20g for 3 min and incubated at 37°C for 20 min, and the cells were fixed with IC Fixation Buffer (eBioscience) and permeabilized with Permeabilization Buffer (eBioscience). For polarization assays, cells were stained with anti-perforin mouse IgG2b monoclonal antibody and anti-b-tubulin mouse IgG1 monoclonal antibody followed by isotypespecific, Alexa Fluor 488-and Alexa Fluor 647-conjugated secondary antibodies (Invitrogen). To detect ILK and CD11a, fixed cells on slides were stained with a mouse IgG2b monoclonal antibody specific for ILK and a rabbit IgG monoclonal antibody specific for CD11a, followed by Alexa Fluor 488-and Alexa Fluor 647-conjugated secondary antibodies. KHYG-1 cells were incubated on poly-L-lysine-coated slides for 30 min, fixed, permeabilized, stained with anti-perforin and anti-b-tubulin primary antibodies, and then incubated with Alexa Fluor-conjugated secondary antibodies. Images were acquired on a Zeiss LSM780 Meta Confocal Microscope and analyzed with Zeiss 2010 software. Differential interference contrast images were collected simultaneously with the fluorescence images. Multitrack acquisition was used to avoid crosstalk between different fluorophores.
Proximity ligation assay
PLA kits were obtained from Olink Bioscience. NK cells and S2 or S2-ICAM-1 cells were co-incubated, fixed, permeabilized, and stained with two primary antibodies (one rabbit IgG and one mouse IgG, each one specific for a different protein), as described earlier. The slides were washed and incubated with PLA probes (secondary antibodies coupled to DNA), and DNA was ligated and amplified according to the manufacturer's instructions. Slides were analyzed with a confocal microscope and scored for the number of discrete PLA signals. Positive fluorescent PLA signals are obtained if the two DNA strands, each one attached to a different secondary antibody, are within 30 nm of each other (26) . Two proteins within this range are either confined in the same tight space or associated with the same molecular complex.
Statistical analysis
Each graph was generated from at least three independent experiments. For normally distributed data, means ± SEM are shown in the figures, unless otherwise stated. Individual data between two groups were analyzed by a two-tailed Student's t test, and multiple groups were statistically analyzed by one-way analysis of variance (ANOVA).
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